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The electrochemical behavior of U(IV) in the room temperature ionic liquid (RTIL), N-methyl-N-propyl-
piperidinium bis(trifluoromethylsulfonyl)imide (MPPiNTf2), was investigated to evaluate the feasibility
of using the RTIL for non-aqueous reprocessing application. In this context, the rate of dissolution of ura-
nium oxide (UO2) in HNTf2 was studied at 353 K. The dissolution of UO2 in HNTf2 was rapid; nearly 50% of
UO2 dissolved within 3 h and more than 95% dissolved in 25 h. The resultant solution was dried, diluted
with MPPiNTf2 and the electrochemical behavior of U(IV) in MPPiNTf2 was studied at 373 K at platinum,
glassy carbon and stainless steel electrodes. The cyclic voltammograms of U(IV) in MPPiNTf2 at platinum
and glassy carbon electrodes consisted of four cathodic waves occurring at a peak potentials of �0.7 V
(Fc/Fc+), �1.4 V, �2.2 V and �2.7 V. Controlled potential electrolysis of a solution of U(IV) in MPPiNTf2

at �2.8 V (Fc/Fc+) resulted in the deposition of metallic uranium, which was confirmed by X-ray diffrac-
tion and scanning electron microscopy.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Non-aqueous pyrochemical processes [1] are being developed
by many countries for reprocessing of spent nuclear fuel, due to
the inherent advantages of inorganic salt media such as reduced
criticality concern, minimization of liquid waste and ability to han-
dle fuels after shorter cooling times and high burn up. There are
two different approaches, namely electrowinning and electrorefin-
ing, are available for reprocessing of spent nuclear fuels by pyro-
chemical means. In the oxide electrowinning process, the
actinide oxides are dissolved in alkali or alkaline earth halides as
oxychlorides, followed by electrowinning of actinides as oxides.
The electrorefining process, which is originally developed for
metallic fuels, involves the dissolution of spent nuclear fuel in mol-
ten alkali chloride medium followed by selective electrodeposition
of actinides. Another process of interest in nuclear industry is the
direct electrochemical reduction of actinide oxides [2] to the corre-
sponding metals in molten LiCl or CaCl2 medium, wherein the
reduction is assisted by initial deposition of Li or Ca on the actinide
oxide. In all these cases, the process temperatures are �773 K or
above depending on the composition of chosen electrolyte.

Room temperature ionic liquids (RTILs) are organic salts molten
at temperatures lower than 373 K [3,4]. Generally they are made
up of a bulky organic cation and an inorganic or organic anion. For
example, substitution of alkali metal ion present in high tempera-
ture molten salt by an unsymmetrical organic cation such as 1-bu-
ll rights reserved.
tyl-3-methylimidazolium cation (bmim+) results in substantial
lowering of melting point of the resultant organic salt, 1-butyl-3-
methylimidazolium chloride (bmimCl, m.p. 340 K). Employing such
organic salts (or RTILs) in place of inorganic chloride media would
lead to the operation of entire process at near ambient conditions
[5–8]. Moreover, the cation and anion combination of RTIL can be
manipulated in such a way to enhance the solubility of actinides as
well as to obtain a completely incinerable electrolyte, which is in-
deed desirable for the disposal of spent electrolyte.

In this context, Nikitenko et al. [9–11] investigated the
spectroscopic and electrochemical aspects of U(IV)-hexachloro
complexes in 1-butyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide (bmimNTf2), tri-n-butylmethylammonium bis(tri-
fluoromethylsulfonyl)imide ([Mebu3N][NTf2]) hydrophobic ionic
liquids. Based on the observation of a cathodic wave at �3.2 V
(vs. Ag/AgCl) in the cyclic voltammogram of [UCl6]2� in
[Mebu3N][NTf2], Nikitenko et al. suggested that the reduction of
U(III) to U(0) occurred at �3.0 V. They also investigated the co-
ordination behavior of Np(IV) and Pu(IV) in bmimNTf2.
Bhatt et al. [12–14] studied the electrochemistry of some lantha-
nides, La3+, Sm3+ and Eu3+ in [R4X][NTf2], where X = N, P and As.
Since the RTIL, [Me4X][NTf2], has a extremely large electrochemical
window (>5 V), they proposed to use it as electrolytic medium for
electrodeposition of uranium and plutonium. In addition, they also
studied the reduction of La3+, Sm3+ and Eu3+ to metallic state in the
RTIL, [Me3NBu][NTf2], and reported similar results as in the previ-
ous case [13]. The voltammetric behavior of [Th
(NTf2)4(HNTf2)]�2H2O was also studied [14] in [Me3NBu][NTf2].
Th(IV) in this ionic liquid was reduced to Th(0) by a single
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reduction step. However, due to the presence of moisture in the
ionic liquid, the product Th(0) was converted to ThO2 during
reduction. Legeai et al. [15] reported the electrodeposition of
lanthanum from 1-octyl-1-methylpyrrolidinium bis(trifluoro-
methylsulfonyl)imide ionic liquid.

We have earlier reported [5,6] the electrochemical behavior of
U(VI) in 1-butyl-3-methylimidazolium chloride (bmimCl) and
Eu(III) in N-butyl-N-methylpyrrolidinium bis(trifluoromethylsul-
fonyl)imide (BMPyNTf2). U(VI) in bmimCl undergoes a single
step two-electron transfer reduction to uranium oxide deposit
at glassy carbon working electrode, and Eu(III) to metallic euro-
pium at stainless steel electrode. In this paper, we report the
results of the studies on the electrochemical behavior of U(IV)
in a room temperature ionic liquid, N-methyl-N-propylpiperidi-
nium bis(trifluoromethylsulfonyl)imide (MPPiNTf2), to evaluate
the feasibility of using MPPiNTf2 for the electrodeposition of ura-
nium. Unlike the direct oxide reduction of actinide oxide as
discussed above, the present study deals with the dissolution
of UO2 in HNTf2 followed by electrodeposition of actinides in
metallic form from MPPiNTf2. The results of the studies on the
rate of dissolution of UO2 in HNTf2, the electrochemical behavior
of U(IV) in MPPiNTf2 using cyclic voltammetry at various elec-
trodes, and the surface morphology of the deposit are discussed
in this paper.
Fig. 1. Dissolution of UO2 in HNTf2 as a function of time at 353 K. U:HNTf2 1:4 mol
ratio.
2. Experimental

2.1. Materials

All the chemicals used in this study were of analytical reagent
grade. N-methylpiperidine, bistrifluoromethylsulfonimide and
lithium bis(trifluoromethylsulfonyl)imide were procured from M/
s. Fluka, and 1-bromopropane from M/s. Lancaster. The method
for the preparation of MPPiNTf2 is described elsewhere [16]. UO2

was obtained by reducing UO3 by heating the UO3 powder at
1073 K under 8% H2/Ar (pre-equilibrated in water at 273 K) for
20 h. The average particle size of UO2 thus obtained was deter-
mined to be 20 lm.

2.2. Dissolution of UO2 in HNTf2

The rate of dissolution of UO2 in HNTf2 solution was studied by
refluxing (�373 K) a mixture of UO2 powder (0.48 g, av. particle
size 20 lm) and HNTf2 (2 g), which were taken in 1:4 (U:HNTf2)
mole ratio in water (30 mL) medium. The solution was taken in a
100 mL round bottomed flask equipped with a condenser was im-
mersed in a oil bath for maintaining constant temperature and the
solution was stirred using magnetic stirring bar (1 cm dia.). A
known volume of aliquot was drawn from the supernatant at var-
ious intervals of time for analyzing uranium present in the solution
by spectrophotometric method using Arsenazo III as colouring
agent. After complete dissolution of UO2, the water present in
aqueous phase was removed by rotary evaporator, and the dry so-
lid was added to MPPiNTf2 for electrochemical studies.

2.3. Voltammetric studies

The concentration of U(IV) in MPPiNTf2 was kept at �80 mM.
Voltammetric studies were carried out at 373 K. A glassy carbon
rod (cylindrical SA = 0.47 cm2), a SS rod (cylindrical SA = 0.27 cm2)
or Pt wire (cylindrical SA = 0.11 cm2) were used as working elec-
trodes. Glassy carbon rod and Pd wire acted as counter and qua-
si-reference electrodes respectively. The internal standard Fc/Fc+

was added to MPPiNTf2 and all the redox potentials were measured
against the Fc/Fc+ redox couple. The electrochemical cell had a sin-
gle leak-tight compartment and all the electrodes were placed in
the same compartment. The cell was kept under argon atmosphere
during entire study. Electrodeposition studies were carried out on
either SS (SA = 16 cm2) or platinum (SA = 2 cm2) electrode and Pt
counter electrode (SA = 2 cm2). Faradaic efficiency was calculated
from the ratio of uranium actually deposited to the uranium metal
deposit expected for the quantity of coulombs passed into the
solution.

2.4. Instrumentation

Cyclic voltammograms of the solutions were recorded using
Autolab 302 N (PGSTAT-030) equipped with an IF 030 interface.
Micro-elemental CHNS analysis was carried out using Elementer
Vario-EL. X-ray diffraction pattern of uranium deposit was ob-
tained using Philips 1011 X-ray diffractometer (operating with
40 kV and 45 mA) with Cu Ka (1.5406 Å) radiation. UV–VIS absorp-
tion spectrum was determined using Shimadzu UV–VIS–NIR spec-
trophotometer model UV-3600. A Philips field effect (model XL 30)
scanning electron microscope (SEM) with energy-dispersive spec-
trometer (EDS) working at 30 kV was used to examine the surface
morphology and elemental composition of the deposit. The particle
size of UO2 was determined by using Malvern Master sizer, Model
microplus v 2.15, particle size analyzer.

3. Results and discussion

3.1. Dissolution of UO2

Dissolution of UO2 in HNTf2 solution, as a function of time, is
shown in Fig. 1. It is observed that uranium dissolution increases
with increase of time. Nearly 50% of UO2 dissolved within 3 h
and more than 95% in 25 h. The dissolution reaction is shown in
Eq. (1). The green colour solution obtained was evaporated for sev-
eral hours at 343 K to remove water and the dry solid was added to
MPPiNTf2 to get a �80 mM solution for voltammetric studies. The
micro-elemental analysis of the uranium complex yielded (theo-
retical value in parenthesis) C 6.89 (7.07), H 0.28 (0), N 4.01
(4.12), S 18.2 (18.85), U 17.3 (17.5), indicates the composition of
the complex could be U(NTf2)4 (H2O is insignificant).

UO2 þ 4HNTf2 �!reflux; stir
UðNTf2Þ4 þ 2H2O ð1Þ



Fig. 4. Cyclic voltammograms of U(IV) in MPPiNTf2 at Pt electrode at different
duration of hold at switching potential.
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3.2. Cyclic voltammetry

The cyclic voltammograms of a solution of U(IV) in MPPiNTf2 re-
corded at a scan rate of 10 mV/s at platinum, glassy carbon and
stainless steel electrodes are shown in Fig. 2. The voltammograms
recorded at platinum and glassy carbon are quite similar, whereas
few cathodic waves are merged when recorded at stainless steel
electrode. Fig. 3 shows the cyclic voltammogram of U(IV) in
MPPiNTf2 recorded at platinum electrode at a scan rate of 10 mV/
s at various switching potentials. The reduction wave ðEc1

p Þ occur-
ring at a peak potential of �0.76 V (vs. Fc/Fc+) could be attributed
to the reduction of U(IV). This reduction results in a couple of oxi-
dation waves, a weaker one ðEa1

p Þ occurring at �0.52 V (vs. Fc/Fc+)
and a stronger ðEa2

p Þ occurs at 0.05 V (vs. Fc/Fc+), when switched
at �1.0 V (vs. Fc/Fc+). The intensities of these oxidation waves in-
crease, when the voltammogram is switched after the second
reduction wave ðEc2

p Þ, which occurs at �1.14 V (vs. Fc/Fc+). How-
ever, ðEc2

p Þ is not accompanied by any additional oxidation wave
upon scan reversal. This shows that ðEc2

p Þ may be irreversible or
the reduction waves, Ec1

p and Ec2
p , correspond to the reduction of

U(IV) only, perhaps existing in different complex forms. Shirasaki
et al. [17] reported a similar behavior for U(ClO4)4(DMSO)8
Fig. 2. Cyclic voltammograms of U(IV) in MPPiNTf2 at platinum, glassy carbon and
stainless steel electrodes. Temperature: 373 K.

Fig. 3. Cyclic voltammograms of U(IV) in MPPiNTf2 at Pt electrode at different
switching potentials. Temperature: 373 K.

Fig. 5. XRD of uranium metal deposited from MPPiNTf2 on Pt electrode.

Fig. 6. XRD of uranium metal deposited from MPPiNTf2 on stainless steel electrode.



Fig. 7. SEM images and EDS analysis of metallic uranium deposit on stainless steel electrode. (A) Magnification = 500�, (B) EDS analysis of image A, (C)
magnification = 1000�, (D) EDS analysis of cube shaped part of image C, (E) magnification = 2000�, (F) magnification = 100�.
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complexes at platinum electrode. Based on observations similar to
the ones given above, Shirasaki et al. argued that the first three
reduction waves obtained at platinum working electrode were
due to the reduction of U(IV) to U(III) only. Fig. 4 shows the cyclic
voltammograms of U(IV) in MPPiNTf2 recorded at platinum elec-
trode with a hold at the cathodic switching potential of �1.0 V
(vs. Fc/Fc+), for a specific duration. It is observed that the anodic
currents are fairly similar irrespective of the duration of hold.
The increase of anodic current, expected from this cathodic hold,
is not observed in the present case. However, significant increase
in anodic current is observed only, when the cathodic scan is
switched after the second reduction wave, Ec2

p as shown in Fig. 3.
All these observations indicate that the reduction waves, Ec1

p and
Ec2

p may perhaps belong to the reduction of U(IV), which are exist-
ing in different complex forms, to U(III), which is in agreement
with work of Shirasaki et al. [17].

The cyclic voltammogram of U(IV) shown in Fig. 3 also consists
of two more reduction waves occurring at peak potentials, Ec3

p and

Ec4
p , of �1.8 V (vs. Fc/Fc+) and �2.5 V (vs. Fc/Fc+) respectively. The

reduction wave Ec3
p is accompanied by a less intense oxidation

wave, Ea3
p , and Ec4

p is irreversible. Controlled potential electrolysis
of U(IV) in MPPiNTf2 at platinum electrode (2 cm2) at �1.9 V (vs.
Fc/Fc+) does not result in any deposition. However, when carried
out at �2.4 V (vs. Fc/Fc+), the electrode was coated with a thick
black deposit. The XRD pattern of the deposit, shown in Fig. 5,
matches the pattern reported for uranium metal (JCPDS No. 06-
0553) confirms the deposition of uranium on platinum electrode.
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The Faradaic efficiency was determined to be �80%. This shows
that the cathodic wave Ec4

p is responsible for the reduction of ura-
nium into metallic form. The electrochemical behavior of U(IV) in
MPPiNTf2 at glassy carbon electrode is very similar to the behavior
observed at platinum electrode.

Based on these results electrochemical behavior and electrode-
position of uranium in bulk was studied at stainless steel working
electrode, due to its easy availability and inexpensiveness. The
electrochemical behavior of U(IV) in MPPiNTf2 at stainless steel
electrode (SA = 0.27 cm2) is marginally different from that at plat-
inum and glassy carbon electrodes. The cyclic voltammogram of
U(IV) in MPPiNTf2 at stainless steel electrode is shown in Fig. 2.
The cathodic waves Ec1

p and Ec2
p observed at other electrodes, due

to the reduction of U(IV) to U(III), have merged together at
�1.55 V (Fc/Fc+) in the present case. The voltammogram also
consists of other cathodic waves occurring at �2.3 V and �2.8 V.
Controlled potential electrolysis of U(IV) in MPPiNTf2 at stainless
steel plate electrode (16 cm2) at �2.3 V (vs. Fc/Fc+) does not result
in any deposition. However, electrolysis at �2.8 V (vs. Fc/Fc+), re-
sults in a deposition of uranium in metallic form. The XRD pattern
of the deposit is shown in Fig. 6, whose 100% intensity peak is in
agreement with that of the standard pattern of metallic uranium
(JCPDS No. 06-0553). The other peaks are also seen in the pattern
albeit with less intensity as shown in Fig. 6 inset. Nevertheless, it
is important to note that the deposit do not exhibit the XRD-pat-
tern of any uranium oxide. The SEM image of the deposit is shown
in Fig. 7. It is observed that the deposit is uniform all over the sur-
face (Fig. 7A), and in several places cube shaped nuclei (Fig. 7C and
E at higher magnification) are seen. Fig. 7F shows the SEM micro-
graph of the deposit obtained at different place at lower magnifica-
tion (100�). EDS analysis of the deposit at various places, shown in
Fig. 7B for uniform surface and Fig. 7D for cube shaped nuclei, indi-
cates the presence of uranium both at crystallized surface and
other places. The Faradaic efficiency of the process was about 80%.

4. Conclusions

The ionic liquid, MPPiNTf2, offers wide electrochemical window
and extended cathodic stability suitable for the electrodeposition
of lanthanides and actinides in metallic form. Uranium oxide and
perhaps other oxides of lanthanides and actinides can be conve-
niently dissolved by treating with HNTf2 followed by electrodepos-
ition from MPPiNTf2. However, more studies such as radiation
stability of MPPiNTf2, electrochemical behavior of other actinides
like plutonium and the effect of other fission products are needed
for establishing the potential uses of ionic liquids for non-aqueous
reprocessing applications.
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